Members of the cytosolic sulfotransferase (SULT) superfamily catalyse the sulfation of a multitude of xenobiotics, hormones and neurotransmitters. Humans have at least 10 functional SULT genes, and a number of recent advances reviewed here have furthered our understanding of SULT function. Analysis of expression patterns has shown that sulfotransferases are highly expressed in the fetus, and SULTs may in fact be a major detoxification enzyme system in the developing human. The X-ray crystal structures of three SULTs have been solved and combined with mutagenesis experiments and molecular modelling, they have provided the first clues as to the factors that govern the unique substrate specificities of some of these enzymes. In the future these and other studies will facilitate prediction of the fate of chemicals metabolised by sulfation. Variation in sulfation capacity may be important in determining an individual's response to xenobiotics, and there has been an explosion in information on sulfotransferase polymorphisms and their functional consequences, including the influence of SULT1A1 genotype on susceptibility to colorectal and breast cancer. Finally, the first gene knockout experiments with SULTs have recently been described, with the generation of estrogen sulfotransferase deficient mice in which reproductive capacity is compromised. Our improved understanding of these enzymes will have significant benefits in such diverse areas as drug design and development, cancer susceptibility, reproduction and development.
Sulfation of a vast array of natural and synthetic chemicals as well as many biomolecules occurs widely in nature, from bacteria to humans. This article concerns the formation of sulfate conjugates of xenobiotic and endogenous (endobiotic) small molecules by members of the cytosolic sulfotransferase (SULT) enzyme family. The process was first discovered in the late 1870s by Eugen Baumann, who isolated and characterised the sulfate conjugate of phenol from urine of a patient treated with carbolic acid as an antiseptic. It would be another 80 years, however, before the mechanistic basis of sulfate conjugation could be identified, with the discovery of so-called 'active sulfate' by Lipmann's group. 1 This compound, that we now call PAPS (3 0 -phosphoadenosine 5 0 -phosphosulfate), is the sulfuryl donor for the vast majority of sulfation reactions 2 (Box 1).
Recent research in this field that will be highlighted here, has uncovered some important aspects of the function of sulfation. The relative importance of sulfation in humans has perhaps been underestimated in the past, and one of the main reasons for this is that there are major inter-species differences in the function of sulfation-in particular relating to its role in modulating the function of hormones and neurotransmitters. Importantly, catecholamines, estrogens, iodothyronines and dehydroepiandrosterone (DHEA) exist in the human circulation predominantly or significantly as the sulfated form, whereas this is not the case for rodents or many other 'experimental' animals.
3 This is reflected in the different SULT isoenzyme profiles that exist in various species. For example, to date human is the only species in which a catecholamine-specific SULT isoform (SULT1A3) has been identified, consistent with the high circulating levels of catecholamine sulfates found in humans and other primates. 3, 4 Rodents have multiple isoforms of the hydroxysteroid SULT subfamily 2A, [5] [6] [7] whereas so far only a single SULT2A enzyme has been identified and characterised in humans. 8 Also, it is now clear that SULTs are abundantly expressed in the human fetus [9] [10] [11] [12] [13] -other 'drug metabolising enzymes' such as the cytochromes P450 (CYPs), UDPglucuronosyltransferases (UGTs) etc are, in general not expressed at significant levels until after birth 14, 15 -thus SULTs may represent a front line of chemical defence in the developing human.
This article aims to provide the reader with an up-to-date overview of sulfation in humans, and to highlight some important recent research that has impacted significantly on our knowledge and understanding of this important metabolic system.
THE SULFOTRANSFERASE SUPERFAMILY-ORGANISATION AND FUNCTION
As with many drug metabolising enzymes, the cytosolic SULTs are derived from a large superfamily of genes. Fulllength cDNAs encoding more than 50 mammalian and avian cytosolic SULTs have been cloned and sequenced, and many of the expressed proteins characterised. The majority of these enzymes sulfate small molecule xenobiotics and/or endogenous hormones and neurotransmitters, and based on amino acid sequence analysis can be subdivided into six families (Box 2). In addition plants possess a number of SULTs related to the mammalian cytosolic enzymes, that are involved in flavonol and brassinosteroid metabolism. 16 Other model organisms whose genomes have been (or are being) sequenced possess various SULTs-the zebrafish (Danio rerio) and amphibian (Xenopus laevis, Silurana tropicalis) sequence databases contain numerous cytosolic SULT sequences with orthologs in mammalian species, although the Drosophila melanogaster, Caenorhabditis elegans and Saccharomyces cerevisiae databanks are almost devoid of such sequences. A new nomenclature system for the cytosolic SULTs has recently been developed* which will (hopefully) help to clarify the relationships between the various SULTs for novices and aficionados alike. The nomenclature used here follows this new system. The SULT1 and SULT2 families are the largest, and probably the most important for xenobiotic and endobiotic metabolism. At present the human SULT enzyme family, which is the best characterised, comprises of 11 isoforms representing the SULT1, SULT2 and SULT4 families. These enzymes are the products of 10 genes (SULTs 2B1a and 2B1b are generated by alternate splicing of the first exon of SULT2B1) that share many common structural features (reviewed in 17 ). The properties of the various human SULTs are summarised in The sulfotransferase reaction relies on the co-substrate PAPS as sulfuryl donor. PAPS is synthesised from inorganic sulfate and 2 molecules of ATP -it is therefore an "expensive" commodity for cells to produce, and is present at relatively low concentrations, typically no more than 20 or 30µM. Low PAPS levels and rapid depletion is believed to limit the capacity of sulfation compared to e.g. glucuronidation, where the co-substrate (UDP-glucuronic acid) is in more plentiful supply. In animals, synthesis of PAPS is the responsibility of a single bifunctional enzyme called PAPS synthetase (PAPSS) that contains both the ATP sulfurylase (1) and APS kinase (2) catalytic activities. In humans and mice, 2 isoforms of PAPSS exist that are the products of the PAPSS1 and PAPSS2 genes. Mutations in PAPSS2 are responsible for rare inherited connective tissue disorders in mouse (brachymorphism) and humans (spondyloepimetaphyseal dysplasia). It is postulated that interindividual variation in the ability to synthesise PAPS, arising from genetic and/or environmental effects on PAPSS, may influence sulfation capacity.
Box 1 -Sulfotransferase Reaction and Co-substrate Synthesis *Raftogianis RB et al, submitted for publication. In particular, the new nomenclature for the SULT1C enzymes may cause some confusion. The human SULT1C2 referred to here was called SULT1C1 or SULT1C sulfotransferase 1 in the original descriptions, 18, 19, 75 and the human SULT1C4 referred to here was originally called SULT1C2 or SULT1C sulfotransferase. 19, 75 considering further: SULTs 1C2 and 1C4 appear to be most highly expressed in fetal tissues, 13 although RNA dot blots indicated the adult stomach and kidney (SULT1C2) and ovary (SULT1C4) may be sites of expression. 18, 19 However the function of these enzymes in humans is not clear. The catecholamine sulfotransferase SULT1A3 is expressed at high levels in fetal liver but hepatic expression is essentially absent in the adult-here the gastrointestinal tract is the major site 12 which correlates with the dopaminergic function of the gut, where the majority of dopamine sulfate is produced. 4 The fetal adrenal gland produces large amounts of DHEA sulfate to support placental estrogen biosynthesis, a requirement reflected in the high level expression of the SULT2A1 isoform in the fetal zone of 2nd and 3rd trimester adrenal. 9, 20 Another important example involves the estrogen sulfotransferase (SULT1E1) which displays a particularly high affinity (in the low nM range) for its natural substrate 17b-estradiol, suggesting an important role for this enzyme in modulating estrogen action. 21 Indeed, the enzyme is expressed in the endometrium and is exquisitely regulated during the menstrual cycle 22, 23 (probably under the primary influence of progesterone 24, 25 ) where it is postulated to moderate estrogenic stimulation of the endometrium around the time of implantation. 23 A further insight into the importance of estrogen sulfation has come from the identification that a number of hydroxylated metabolites of the ubiquitous environmental pollutants polychlorinated biphenyls are extraordinarily potent inhibitors (K i in the pM range) of SULT1E1, 26 suggesting a mechanism whereby these chemicals exert their well-known endocrine disrupting effects. 27 A particularly intriguing problem currently occupying a number of investigators in the field is to determine the function of the most recently discovered SULT family, the 4A proteins. SULT4A1 cDNAs have been isolated from three mammalian species so far-rat, mouse and human-and the predicted proteins share a remarkable degree of similarity. The mouse and the rat proteins have identical amino acid sequences, and the human has only six (mainly conservative) amino acid changes out of 284. Human SULT4A1 shares no more than 34% amino acid sequence identity with any other member of the family. The SULT4A1 proteins appear to be expressed only in the brain, 28 and despite significant effort no natural or xenobiotic substrate (ligand) has yet been identified. Together, these observations strongly suggest a specific and important function for this protein, which may require the application of knockout and/or transgenic technologies to fully understand.
The concept of sulfation as a particularly important metabolic reaction in the developing human fetus is one that has also matured over recent years. Many SULTs are expressed at high levels in the fetus (Table 1) , and in fact some appear to be expressed only or primarily in the prenatal period, such as the SULT1C enzymes. 13, 18, 19 The function of certain SULTs in fetal development is fairly well established, such as the production of DHEA sulfate by the adrenal SULT2A1 enzyme. 9 However, the role of others is not so clear. SULT1C enzymes are expressed (in sexually dimorphic manner) in adult rodent liver where they seem to be involved in xenobiotic metabolism-particularly the bioactivation of procarcinogens. This may not be the case in humans, where the enzymes are reputedly involved in thyroid hormone metabolism-this is a particularly important function in the fetus where appropriate thyroid hormone homeostasis is essential for normal brain development. The human fetus produces very large amounts (compared with the adult) of iodothyronine sulfates (our unpublished work in collaboration with R Hume). The high levels of SULT1A1 in various fetal tissues 12 may provide an important chemical defence function, particularly in the absence from the liver of the other major conjugating enzymes such as UDP-glucuronosyltransferases 15 (although the fetal kidney does express some UDP-glucuronosyltransferase 29 ). These studies are extremely difficult to carry out, however the wide distribution and tight regulation of SULT expression during human development points to a particularly important role for these enzymes in the early stages of life.
STRUCTURE-FUNCTION STUDIES ON SULFOTRANSFERASES
Structural biology is one of the most powerful tools available for helping to understand macromolecular function, and structural approaches have recently revealed some interesting and potentially valuable secrets of the SULTs. The first SULT structure to be solved, by the group of Pedersen and Negishi at NIEHS using X-ray crystallography, was that of mouse SULT1E1. 30 This enzyme is unusual in the SULT world in that, in vitro, it exists as a monomer in solutionmost of the enzymes appear to form homodimers. Structures of two other human cytosolic SULTs have since been solved: SULT1A3 31, 32 and SULT2A1, 33 as well as the sulfotransferase domain of human heparan sulfate N-deacetylase/Nsulfotransferase 34 and the SULT-like insect enzyme retinol dehydratase.
35 Figure 1 shows the overall SULT protein fold, as demonstrated by the mouse SULT1E1 crystal structure.
The three cytosolic SULT structures are highly conserved, and a number of key features of the SULT active site and reaction mechanism (reviewed in 36 ) can be deduced from these and other studies (see Figure 2) . The amino acids involved in binding the sulfuryl donor PAPS are, as would be expected, highly conserved throughout the SULT family. The PAPS 5 0 -phosphate binding site (consensus sequence Indicates a substrate that may be used to assess enzyme activity of the isoform in human tissue cystols. Where an asterisk (*) appears in this column, no substrate has yet been identified that is sufficiently specific for the isoform concerned to be of value in quantifying the associated enzyme activity in tissue samples. 4-Nitrophenol may be used to follow activity of these expressed recombinant proteins in vitro.
b
Expression is taken to mean enzyme protein expression. Where RNA expression only has been demonstrated (eg for SULTs 1C2 and 1C4 in certain adult tissues 18.19 ), this has not been included.
TYPKSGTTW, corresponding to residues 45-53 in SULT1A3)
is very similar to the P-loop motif found in many nucleotide binding proteins, and is called the PSB-loop in SULTs. 30 The lysine residue within this motif (Lys 48 in human SULT1A3 and mouse SULT1E1) is absolutely conserved and is believed to act as a catalytic acid in the reaction, by protonating the phosphate-sulfate bridge oxygen of PAPS thereby enhancing dissociation of the leaving group. 37 Residues from various parts of the polypeptide chain form the binding site for the 3 0 -phosphate of PAPS. Arg 130 and Ser 138 (Ser 138 is absolutely conserved in sulfotransferases) are particularly important, along with the guanidinium group of Arg 257 and the amide nitrogens of Lys 258 and Gly 259 that contribute to a motif highly conserved within the cytosolic SULTs (RKGxxGxWK, residues 257-265 in SULT1A3). The catalytic centre of the enzyme is a histidine residue (His 108 ) that acts as a catalytic base, abstracting a proton from the hydroxyl group on the acceptor substrate leaving a nucleophilic oxygen that 'attacks' the sulfur on PAPS. The presence of a histidine residue in this position is an absolutely conserved feature of all SULTs, and mutating it abolishes enzyme activity. 37 The reaction intermediate (at least in mouse SULT1E1 37 ) is stabilised by His 108 , Lys 106 and Lys 48 .
Of course, a vital feature of the SULT enzyme family is the degree of substrate specificity demonstrated by the individual isoforms. For example, humans have enzymes that are highly selective for catecholamines (SULT1A3), estrogens (SULT1E1) and DHEA (SULT2A1). Conversely the SULT1A1 enzyme appears to be much more promiscuous, able to sulfate a wide variety of xenobiotics with high affinity. It is a challenging problem to determine what controls the substrate specificity of these various enzymes, but this is an important goal from a number of perspectives, including being able to predict the metabolic fate of drugs metabolised by sulfation, or even to assist the design of selective inhibitors. The protein folds of the SULTs whose structures have been solved are essentially superposable, however some subtle, but important differences in the active sites of the enzymes do exist. The human SULT1A3 enzyme provides a fine example: it displays a high selectivity for endogenous and xenobiotic catecholamines (particularly dopamine) not shared by its close relative SULT1A1 even though the two enzymes are more than 93% identical at the amino acid sequence level-ie only 20 residue differences out of 295. Analysis of these sequence differences 38 showed that a number of them occur in a short stretch (143-HRMEKAHPEP-152) immediately C-terminal to a conserved sequence that we now know to form the a-6 helix. 31 Mutation of two amino acids in this stretch of SULT1A3 to their corresponding residues in SULT1A1 (His 143 -Tyr and Glu 146 -Ala) followed by detailed kinetic analysis of the purified, recombinant proteins clearly demonstrated that Glu 146 was the major determinant of the specificity of SULT1A3 for dopamine 38 ( Figure 2 ). The group of McManus performed similar studies, including the reverse experiment on SULT1A1, arriving at the same conclusion. 39, 40 Subse- Figure 2 Active site model of human SULT1A3. To construct the active site model, the co-ordinates of mouse SULT1E1 (PDB entry 1AQU) and the partial human SULT1A3 structure 31 were used. Molecule A of 1AQU was used as a template, and the SULT1A3 structure was super-imposed as the a-carbons of residues 42-45, 45-50, 52-58, 104-107, 136-147 and 166-170. Side chains of the SULT1E1 component covering PAP and 17 b-estradiol (residues 225-264) were mutated to their corresponding residues in SULT1A3, and dopamine was docked into the active site based on the position of estradiol in 1AQU, so that the 3-OH is on the estradiol phenolic OH and the 4-OH is towards Tyr 240 . The figure was created using WebLab Viewer Lite (Accelrys, San Diego, USA). quent molecular modelling experiments based on the X-ray crystal structure of SULT1A3 suggested a molecular basis for this specificity, as the basic ethylamine function in dopamine and similar molecules would be in close proximity to the acidic carboxyl side chain of Glu 146 , and able to form a salt bridge. 31 The influence of Glu 146 goes further however, and probably controls the orientation of many compounds in the SULT1A3 active site, explaining the selectivity of SULT1A3 for catechols over corresponding phenols. 31 The only other major study on SULT selectivity suggests that the specificity of mouse SULT1E1 for 17b-estradiol over DHEA arises from a 'gating' phenomenon. Petrotchenko et al 41 demonstrated that Tyr 81 and Phe 142 form a narrow gate that 'allows' 17b-estradiol entry to the active site but 'prevents' DHEA (which has a 19-methyl group) from entering. Phe 142 is absolutely conserved in SULTs, and Tyr 81 alone was found to regulate the gate phenomenon.
Clearly, our understanding of the molecular basis for SULT substrate specificity is still in its infancy. The structural tools now available to us will certainly allow major advances to be made in this important area of sulfation biology in the coming years.
INTER-INDIVIDUAL VARIATION IN SULFOTRANSFERASES-MECHANISMS AND CONSEQUENCES
Ever since studies of human SULT biochemistry began it has been obvious that the activity of these enzymes varies widely in the population. Early work focused on the phenol SULTs (those we now call SULTs 1A1 and 1A3), and was facilitated by the use of platelets as enzyme source. These studies have been thoroughly reviewed elsewhere. [42] [43] [44] The key questions relating to inter-individual variability in any SULT are, of course: (a) what is the molecular basis?; and (b) what are the physiological consequences? We are considerably further advanced in our ability to answer the former, although several recent molecular epidemiological studies have begun to suggest roles for SULT polymorphisms in disease susceptibility.
SULT1A1 Pharmacogenetics
SULT1A1 is the most widely studied polymorphic SULT, and is significantly due to its broad substrate specificity, wide tissue distribution and involvement in the metabolism and detoxification of many drugs and other xenobiotics as well as in the bioactivation of dietary and environmental procarcinogens. 45 Biochemical and genetic studies (using twins and other family cohorts) indicated that variation in this 'thermostable' phenol SULT activity was regulated by inheritance, 46 and also suggested that this variation might be associated with sulfation capacity for drugs such as paracetamol in vivo. 47, 48 In addition to variation in SULT1A1 enzyme activity, it was also discovered that the thermal stability of this enzyme activity was under the control of a genetic polymorphism. 49 Differences in thermal stability can arise from subtle changes in protein structure (eg single amino acid changes), and these studies gave the first clues as to the molecular basis for inter-individual variation in SULT1A1 activity. Development of specific antibodies recognising human SULTs on immunoblot analysis allowed confirmation that, in most tissues at least, the variability in SULT1A1 enzyme activity strongly correlates with the level of cytosolic enzyme protein w.50, 51 The next major advances came with the cloning of human SULT1A1 cDNAs, which provided the first evidence that coding region sequence variant alleles of SULT1A1 existed in the population. There are now eight characterised SULT1A1 cDNA sequences in the GenBank/EMBL sequence databases, which mainly represent the two most common SULT1A1 alleles determined by gene sequencing studies, termed SULT1A1 * 1 and SULT1A1 * 2 ( Table 2 ). Some of these cDNA sequences contain nucleotide variants that have never been found in gene sequencing studies, which either represent extremely rare SULT1A1 alleles, or (perhaps more likely) have arisen from PCR and/ or sequencing errors (GenBank/EMBL accession numbers L19999, U26309 and X84654). Two entries encode the wildtype SULT1A1 * 1 allozyme (X78283 and AJ007418) and three encode the common variant allozyme SULT1A1 * 2 (L10819, L19955, U09031).
Seminal studies from Weinshilboum's group confirmed that platelet phenol sulfotransferase enzyme activity and thermal stability were related to SULT1A1 genotype. They showed that individuals homozygous for the SULT1A1 * 2 allele had only about 15% of the platelet phenol sulfotransferase activity of 1A1 * 1/1A1 * 2 heterozygotes or 1A1 * 1 homozygotes, and also that the thermal stability of enzyme activity was associated with SULT1A1 genotype. 52, 53 A subsequent study confirmed that reduced platelet SULT activity is observed in 1A1 * 2 homozygotes, 54 although the effect was not as pronounced with only a 50% reduction in activity apparent. It remains to be conclusively proven how the single amino acid change (Arg 213 His) present in SULT1A1 * 2 results in decreased enzyme activity, protein expression and thermal stability. Experiments with the recombinant proteins have, in the main, failed to show significant differences in kinetic properties between SULTs 1A1 * 1 and 1A1 * 2, although the thermal stability of the SULT1A1 * 2 allozyme appears considerably reduced compared to the wild-type enzyme. 53, 55, 56 Recent work from this laboratory using recombinant enzymes expressed and purified from E. coli suggests that the 1A1 * 2 allozyme may be a more catalytically efficient enzyme, and it is certainly considerably less susceptible to the partial substrate inhibition phenomenon displayed by SULT1A1 * 1 (Tabrett CA and Coughtrie MWH, unpublished work). However, the 1A1 * 2 allozyme protein appears to have a shorter biological halflife than the wild-type, and preliminary data suggest that it is more readily degraded via the proteasome pathway. 57 This would explain the various observations-reduced activity, reduced protein expression and thermal instability-that have been reported. Examination of the SULT crystal wThis may not be the case for liver, where the presence of other SULT isoforms such as 1B1 may interfere with measurement of enzyme activity with non-selective substrates such as 4-nitrophenol (our unpublished work). structure does not provide an obvious mechanistic explanation; amino acid 213 is on the surface of the molecule distant from the active site and from the proposed dimerisation domain. 58 The fact that SULT1A1 is: (a) important for xenobiotic detoxification, thyroid hormone metabolism 59 and the bioactivation of procarcinogens, 45 and (b) subject to a common functional polymorphism has inspired a number of investigators to carry out molecular epidemiological studies in an attempt to associate SULT1A1 genotype with various allegedly chemical-associated pathologies, including colorectal, breast and prostate cancer. Predictably, such studies have produced conflicting results. It is also interesting that a significant age-related effect on SULT1A1 genotype has been observed, whereby the frequency of the SULT1A1 * 1 allele was higher in the older age-groups. 60 This observation raises the possibility that the genotype responsible for a high sulfation activity phenotype may provide some protection against long-term cell/tissue damage from xenobiotic and/or endogenous chemicals, and as such would support a major role for SULT1A1 in detoxification. Although this finding requires to be confirmed in a larger and more tightly defined ageing population, it does illustrate the importance of careful age matching for any case-control studies involving genotyping.
Frame et al 61 reported that low platelet phenol SULT activity (attributed to SULT1A1) was more prevalent in colorectal cancer patients. These results support data indicating that SULT1A1 * 1 homozygosity is associated with reduced risk of colorectal cancer. 62 However, a large study of breast cancer patients showed no overall effect of SULT1A1 genotype on risk of developing the disease, although these authors did demonstrate that genotype may be associated with age of onset of breast cancer. 63 In contrast, investigation of another breast cancer patient cohort showed increased risk associated with SULT1A1 * 1 genotype when combined with intake of well-done meat, a significant source of many heterocyclic amines 64 that are bioactivated by human SULTs including SULT1A1. 45, 65 To complicate matters, however, this same study 64 found that overall risk of breast cancer was associated with the SULT1A1 * 2 allele. A small study of prostate cancer failed to find any association with SULT1A1 genotype. 66 Clearly, these diseases are multifactorial and it would be surprising to find very strong associations with SULT1A1 genotype. Only through largescale studies of diseases where sulfation may be important, and accounting for specific environmental exposures, will we gain greater insight into the function of SULTs and sulfation in humans.
In common with other drug metabolising enzymes, 67, 68 there appear to be inter-ethnic/inter-racial differences in the incidence of the various SULT1A1 alleles (Table 3) . AfricanAmericans appear to have a particularly high frequency of the 1A1 * 3 allele, associated with reduced 1A1 * 1 allele frequency-1A1 * 2 allele frequency is not significantly different to Caucasian populations. In contrast, the 1A1 * 1 allele is present at significantly higher frequencies in oriental populations (Chinese, Japanese) compared with either the Caucasian or African-American populations studies so far. The significance of these differences in terms of sulfation function is not yet clear, and further studies in this area are certainly required. However, these observations suggest that different ethnic/racial populations may display different capacities for sulfation via SULT1A1.
SEQUENCE AND FUNCTIONAL VARIATION IN OTHER HUMAN SULFOTRANSFERASES SULT Family 1
Coding region single nucleotide polymorphisms resulting in amino acid changes (ie non-synonymous cSNPs) have been identified in a number of Family 1 SULTs. Five cSNP variants of SULT1A2 are known, from either cDNA or gene sequencing studies, 53, 69, 70 (Table 2) , and experiments in recombinant systems suggest that the protein produced by the common variant SULT1A1 * 2 (Ile 7 Thr, Asn 235 Thr) has a substantially higher K m for the substrate 4-nitrophenol. 53, 69 The functional significance of this is not clear, and investigating it is complicated: (a) by the possibility that a significant portion of SULT1A2 RNA is incorrectly spliced and therefore protein production is hampered 71 (indeed we have seen no evidence for SULT1A2 protein by western blot analysis in various human tissues 13 ); and (b) by the observation that the most common variant alleles of SULT1A1 and SULT1A2 (ie the * 2 alleles) are in strong positive linkage disequilibrium. 53, 70, 72 No cSNP polymorphisms in SULT1A3 have been published to date, 73 and in fact this gene seems remarkably devoid of sequence variation between individuals.
The SULT1B1 genes from 48 Japanese have been sequenced and a single cSNP identified (Glu 204 Asp), although no allele frequency for this variant was reported. 73 A number of non-coding region SNPs were also identified in this study.
Sequencing of the human SULT1C2 gene from different individuals has revealed four cSNPs (Table 2) , and recombinant allozymes representing three of these displayed, reduced enzyme activity compared to the wild-type allozyme. 74 A common 30bp insertion/deletion variant within intron three of SULT1C2 also exists, 74 and there is a rare SULT1C2 transcript variant where an additional exon (exon 3b) is spliced into the mRNA molecule. 75 The consequences for the individual of possessing these variant alleles and/or expressing the transcript variant are unknown, although the SULT1C2 enzyme is expressed at high levels in fetal tissues and has been implicated in the bioactivation of aromatic amines, 19, 76 and also in the metabolism of iodothyronines. 59, 77 A single cSNP in SULT1C4 (Asp 5 Glu) was identified in a sequencing study of many SULT genes in 48 Japanese individuals, although no allele frequency or allozyme function data were reported. 73 The expression and activity of SULT1E1 varies widely in the human population, 23, 78 although it is not known whether this is under genetic control. No evidence for gender-specific regulation in liver was found, 78 although the enzyme is expressed in female-specific tissues, including the endometrium. It is possible that the variability in SULT1E1 expression results from different chemical influences, since progesterone, other hormones and alcohol are known to influence expression levels in vitro and/or in vivo. 24, 25, 78 The only published study on SULT1E1 nucleotide sequence variants reported a number of non-coding region variants (5 0 -and 3 0 -flanking regions, introns) but no cSNPs. 
SULT Families 2 and 4
Circulating DHEA sulfate levels vary substantially between individuals, and it is suggested that this variation is, at least in part, inherited. 79 It is reasonable to hypothesise that inter-individual variation in the expression and/or activity of SULT2A1 might therefore contribute to these differences in DHEA sulfate levels. Indeed, DHEA SULT activity in human liver cytosols appears to follow a bimodal distribution, and a strong correlation between enzyme activity and protein expression exists. 80 Analysis of SULT2A1 cDNA sequences isolated by a number of laboratories shows the presence of the presumed wild-type sequence (SULT2A1 * 1, GenBank/EMBL accession numbers U08024, U08025 and X84816-consistent with the two SULT2A1 gene sequences U13056-U13061 and L36191-L36196) and two apparent cSNPs (Thr 90 Ser, L20000 and X70222; Leu 159 Val, S43859, L02337). However, extensive gene sequencing studies 81 failed to identify the variant alleles represented by these cDNAs. These authors did report two cSNPs (Met 57 Thr, Glu 186 Val) with allele frequencies around 3% which have been assigned the preliminary designation * 2 and * 3, respectively, 82 ( Table 2 ). The SULT2A1 * 2 and * 3 allozymes showed decreased enzyme activity when expressed in COS cells. 81 A further three cSNPs in SULT2A1 (Ala 63 Pro, Lys 227 Glu and Ala 261 Thr) were originally reported by the Pharmacogenetics Knowledge Base (http://www.pharmgkb. org/data/mayo/SULT2A1a_files/frame.htm) and have recently been published 83 (Table 2) . They have only been found in African-American populations; Ala 261 Thr is common, with an allele frequency of 13%. This may be significant as interethnic differences in SULT2A1 activity were reported. 80 Interestingly, the most common of the variants found in African-American subjects (Ala 261 Thr) influences the formation of SULT2A1 dimers in vitro, 83 as it occurs within the conserved dimerisation motif. 58 No non-synonymous cSNPs in SULT2A1 or SULT2B1 were found in the Japanese cohort. 73 In one study, a large number of SNPs were found in the SULT4A1 gene (whose function remains to be determined), although all 42 occurred in non-coding regions. 73 This is perhaps surprising, given the extremely highly conserved nature of the SULT4A1 protein from mouse to human. Another SULT with an important endogenous function, SULT1A3, shows an extremely low level of variation and one might have expected the same pattern for SULT4A1.
FUTURE DIRECTIONS IN SULFOTRANSFERASE RESEARCH
Significant advances have been made over recent years in our understanding of the SULT enzyme family, and of the sulfation system as a whole, including (but not restricted to) those outlined here. There is no reason to doubt this trend Studies performed using PCR-RFLP assays unable to discriminate between the *1 and *3 alleles. Data from these studies in 1A1*1 column will represent combined allele frequencies for *1 and *3.
Recent advances in sulfotransferase research will continue, and it may be driven, at least in part, by the needs of the Pharmaceutical Industry. The fact that many adverse drug reactions are directly related to genetic and/or environmental effects on the major cytochromes P450 (particularly CYP2D6 and the CYP3A family) 84 has led many in the industry, as well as the regulatory authorities, to re-evaluate drug discovery and development priorities away from compounds whose primary route of metabolism is via the CYP system. 85 The consequence of this is that many drugs coming to market in the future will be metabolised primarily by other pathways, in particular the conjugating enzymes such as UDP-glucuronosyltransferases and SULTs. This is already beginning to happen and the example of the anti-diabetic drug troglitazone illustrates the point. Inhibition of bile salt transport by troglitazone sulfate has been implicated in the severe idiosyncratic hepatoxicity of this drug 86 which led to its withdrawal from the US market in 2000, only 3 years after its launch. It will therefore be necessary to know much more about the biology and genetics of these enzymes in both human and experimental animal species if we are to be able to predict adverse reactions involving compounds metabolised by conjugation. This will require the application of a range of experimental approaches, including functional genomics, nucleic acid and protein array technologies, highresolution/high-sensitivity analytical techniques such as mass spectrometry and NMR spectroscopy, structural biology, in vivo metabolic studies and transgenic/knockout experiments. Studies of in vivo sulfation in humans are thin on the ground-lack of good, safe, specific probe substrates is one major stumbling block-but such analyses are of key importance in assessing the functional consequences of inter-individual variation in SULTs. Much useful information on the functions of cytochromes P450 have come from such studies, and there is a desperate need for them to be conducted on sulfation. Hopefully this will be an area where significant advances can be made in the future.
The example of troglitazone also highlights another important area for future research-the transport of substrates and products of the sulfation reaction into and out of cells. There has been an explosion in research into small molecule transport in recent years (see reviews [87] [88] [89] ) and the major families of transport proteins (MRPs, OATPs and BSEP) are important components of the sulfation system. It will be important to understand the substrate specificities of these multiple transporters for sulfate conjugates and SULT substrates, and also to explore the interactions of endogenous transporter substrates such as bile salts, steroid and thyroid hormones with sulfate conjugates generated during xenobiotic metabolism.
Finally, it is worth highlighting one very recent landmark advance in the field: the generation of the first SULT knockout mice. 90 Using standard targeting vector methodology, these investigators generated mice deficient in estrogen SULT (SULT1E1). The main phenotype of the knockout mice was observed in males, where age-dependent Leydig cell hypertrophy/hyperplasia coupled with seminiferous, tubule damage occurred. These lesions resulted in abnormal sperm function (reduced motility) and consequently the older male mice produced smaller litters. In young SULT1E1 knockout mice, however, a reduction in fertility was also observed although this was associated with the female animals. These elegant studies certainly provide solid evidence that estrogen sulfation is important for (male) reproductive function in mice. However, as with all animal experiments, the relevance to humans must be carefully assessed and clearly demonstrated. Although there is some evidence (RT-PCR data only) that SULT1E1 is expressed in the human testis 91 there are fundamental differences between mice and humans in the expression profile of this important enzyme. For example, hepatic expression is sexually dimorphic in mice 92 but not in humans, 78 in humans the enzyme is expressed at much higher levels in fetal than adult tissues, 13 and a major and critical site of expression in adult humans is the endometrium. 23 It is certain this will be the first of many knockout/transgenic experiments involving SULTs, and much useful information will undoubtedly come from such studies.
So, there is certainly much of interest in the SULT field currently, as there will be in the foreseeable future, to appeal to the curious scientist and/or clinician. The highlights presented here are, of necessity, a personal selection, although hopefully they cover the more pertinent aspects of this fascinating system relating to human biology. These and other studies directed towards understanding the function of sulfation and the SULTs will undoubtedly reveal important roles for the enzymes that are not yet obvious, but that we will look back on from a more enlightened future.
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